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Simulation Model of a Grid-Connected Single-Phase
Photovoltaic System in PSCAD/EMTDC
Brian K. Perera, Student Member, IEEE, Sridhar R. Pulikanti, Member, IEEE, Philip Ciufo, Senior Member, IEEE
and Sarath Perera, Member, IEEE

Abstract—In this paper, a complete simulation model of a gridconnected single-phase two-stage photovoltaic (PV) system with
associated controllers is presented. The simulation model is developed in PSCAD/EMTDC simulation program. The component
models of the grid-connected PV system include a PV array, a
dc-dc boost converter, a voltage source converter (VSC) and an
LCL filter. Components of the LCL filter, the dc-link capacitor
of the VSC and the inductor of the dc-dc boost converter
are established theoretically and that are used in modelling
the grid-connected PV system. The control architecture of the
presented system incorporates a synchronous reference frame
phase-locked-loop (s-PLL), a stationary frame current controller,
a dc-link voltage controller, a dc-dc boost converter controller and
a maximum power point tracking (MPPT) algorithm. Control
design methodologies are described in detail. Simulation studies
confirm that the modelling and control design approaches taken
are robust and lead to a system with acceptable performance.
Index Terms—Control, modelling, photovoltaic systems, voltage source converter.

I. I NTRODUCTION
HE modern, power distribution grid is undergoing a
significant change with the connection of a large number
of small capacity distributed generation (DG) units such as
photovoltaic (PV) systems, energy storage systems, and in
some cases, wind turbines. Small scale PV systems (0−10 kW)
are the type of renewable energy DG units that are mostly
connected to the power distribution grid. The majority of small
scale PV systems are domestic roof-top type installations and
are generally single-phase systems. Rebates and concession
schemes that were introduced by the government for installing
small scale PV systems along with price reductions in PV
panels and power electronic converter systems, are the main
reasons for the increased number of grid-connected small scale
PV systems in the power distribution grid.
Operational or power quality problems may be occurred
in the power distribution grid with integration of small scale
multiple PV systems. The integration of small scale multiple
PV systems means that the power distribution grid may increase the susceptibility to voltage fluctuations due to injected
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active power variations from the PV systems, depending on
conditions such as the time of day and weather. Such variations
in output power can cause voltage fluctuations (either slow
or fast) in the power distribution grid where concentrated
PV installations exist [1]. Since PV systems are interfaced
to the power distribution grid through power electronic converters that is equivalent to a condition where there is no
mechanical inertia, the speed of response of PV systems in
relation to reduction or increase in available power can be
very fast indeed [2]. When multiple inverter interfaced PV
systems are integrated into the power distribution grid, there
may be operational and control interactions between these
systems or with the grid [3]–[6]. These interactions may cause
unintentional tripping of PV systems, possibly making the
grid unstable or a system may fail to disconnect when it is
necessary to do so, creating a hazardous situation. Therefore,
possible mechanisms and causes for operational and control
interactions should be identified first, to propose any mitigation
techniques to avoid undesirable interactions among multiple
PV systems for a stable operation of the power distribution
grid. Furthermore, there can be potential instabilities within a
grid-connected PV system if the operating point of the PV
array is moved towards the constant current region of the
characteristic curve of a PV array [7]. The prior identification
of possibilities of occurring mentioned problems in a power
distribution grid with multiple PV systems is critical for both
power utilities and PV system designers.
In order to investigate possible rapid and slow voltage
fluctuations at the grid interface, operational and control interactions in the presence of multiple grid-connected PV systems
and also to evaluate potential instabilities within a gridconnected PV system, a detailed model of a grid-connected
single-phase PV system is necessary. The knowledge on
component level modelling of a grid-connected PV system
is available with recently published literature for both 3-phase
and single-phase systems [8], [9]. But a complete model of a
grid-connected single-phase PV system with associated control design methodologies is not readily available. Therefore,
in this paper, a detailed model of a grid-connected singlephase two-stage PV system with component level models
and associated control design procedures, is presented. The
model of the grid-connected PV system is developed in the
PSCAD/EMTDC simulation program.
This paper is organised in the following manner. In Section II, component level models of the grid-connected singlephase two-stage PV system and the maximum power point
tracking (MPPT) algorithm are described. The design of the
synchronous reference frame phase-lock-loop (s-PLL) for grid
synchronisation, the cascaded control of the voltage source
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converter (VSC), the controller of the dc-dc converter are
described in Section III. Finally, in Section IV, effectiveness of
the developed model of the grid-connected single-phase twostage PV system is evaluated with simulation studies.
II. M ODELLING
The modelled PV system shown in Fig. 1 consists of
component models of a PV array, a voltage source converter
(VSC), an LCL filter, a dc-dc boost converter and a model
of a power distribution grid. Component level models of the
PV system are described in this section including the MPPT
algorithm.
A. PV Array and MPPT Algorithm
The single-diode PV array model is adopted from [10]. The
V-I characteristic curves of the PV array are shown in Fig. 2 for
different solar irradiance levels while the ambient temperature
is at 30 ◦ C. The voltage at the maximum power point (MPP),
Vmpp , at each irradiance level is marked in Fig. 2.
The amount of maximum power that can be extracted from
the PV array at a given time is a function of the solar irradiance
and the ambient temperature. Since the solar irradiance and
the ambient temperature is continuously changing, an MPPT
algorithm is necessary to track the MPP. Among the available
MPPT algorithms, the perturb and observe (P&O) method and
the incremental conductance (InC) method are two well known
MPPT algorithms. The P&O method has been identified as a
simple but a slow tracking MPPT algorithm. Further, under
rapid variations of solar irradiance the P&O method can fail
[11]. The InC method performs well under rapid variations
of solar irradiance [12]. Hence in the developed simulation
model of the PV system, the InC method is used.
The flowchart of the InC algorithm is shown in Fig. 3. In
the flowchart t and (t−1) indicate the current sample time and
the previous sample time, ∆V and ∆I are differences in two
consecutive samples of the output voltage and the current at the
PV array output respectively, Vref (t) is the voltage of the MPP
that is found by the InC algorithm at the end of a iteration and
δV is the amount of voltage that is added/subtracted to/from
Vref (t − 1) in the process of finding MPP after each iteration.
B. Voltage Source Converter
The VSC in Fig. 1 is a full-bridge converter that is made
of insulated gate bi-polar transistor switches. The VSC is able
to operate in all four quadrants. The rated apparent power
capacity of the VSC, Sr , is 5.4 kVA. The spare capacity of
the VSC when injecting a certain amount of active power is
used for injecting or absorbing reactive power. The switching
frequency of the VSC, fsw , is 25 kHz and a unipolar sinusoidal
pulse width modulation technique is used [13].

Vb = 230 V) and the resonant frequency, fres , is 10.7 kHz;
less than 0.5fsw . A damping resistor Rd = 2 Ω, calculated as
one third of the impedance of Cf at fres , is added in series
with Cf to improve the stability of the current controller [15]
that is discussed in Section III-B.
D. Selection of Dc-link Capacitor
The dc-link voltage, Vdc , consists of an average dc component, Vdc avg , as well as a 100 Hz voltage ripple. An
expression for the peak-to-peak 100 Hz voltage ripple, ∆Vdc ,
of the dc-link can be derived as (1) [16]. In (1) Pg is the active
power injected to the grid Cdc is the dc-link capacitor and ω
is the fundamental angular frequency of the grid voltage, vg .
Vdc avg is 400 V of the modelled PV system.
∆Vdc =

Pg
Cdc Vdc avg ω

(1)

In the modelled PV system, Cdc is calculated as 2200 µF
to limit ∆Vdc to approximately 5% of Vdc avg when the VSC
is injecting 5.4 kW of active power to the power distribution
grid.
E. Dc-dc Boost Converter
The rated capacity of the dc-dc boost converter shown in
Fig. 1 is 5 kW and the switching frequency, fdc , is 10 kHz.
The inductor, Ldc , can be calculated as given in (2) to limit the
current ripple, ∆I, of the current that is flowing through the
inductor [13]. In (2), Vpv is the voltage across the PV array.
Ldc =

Vpv (Vdc avg − Vpv )
∆Ifdc Vdc avg

(2)

If the PV array is operated close to the MPP, Vpv is close to
300 V as per Fig. 2. Hence the inductor, Ldc = 9 mH, can be
calculated to limit ∆I to 5% when the dc-dc boost converter
is operating at the rated capacity.
The dc-dc boost converter decouples the PV array from
ac-side dynamics [16]. Therefore, in modelling the gridconnected PV system, the capacitor Cpv at the PV array output
is chosen to be 2.5 times the dc-link capacitor, Cdc . With
the selected value for Cpv , the 100 Hz voltage ripple that is
appeared across the PV array is reduced to 10% of the 100 Hz
voltage ripple of the dc-link when the VSC is operated at
the rated capacity. The high time constant of Cpv effectively
decouples the ac-side and the dc-side of the grid-connected
PV system. The capacitor, Cpv also minimises the switching
ripple current that is drawn from the PV array.
F. Power Distribution Grid

C. LCL Filter
The LCL filter components of the PV system shown in
Fig. 1 were calculated as Lfc = 300 µH, Lfg = 150 µH and
Cf = 2.2 µF, by following the LCL filter design procedure
described in [14]. Resistances of inductances Lfc and Lfg are
assumed as Rfc , Rfg = 0.001 Ω. The total inductance of the
designed LCL filter is less than 0.1 pu (base-Sb = 5.4 kVA,

The power distribution grid is modelled with an equivalent Thèvenin voltage source, vs and a series impedance
(Rg + jXg ) as shown in Fig. 1. The reference impedance for
low voltage public supply systems that is given in [17] for electrical apparatus testing purposes is used to model the power
distribution grid. Hence the grid impedance, (Rg + jXg ) is
(0.4 + j0.25) Ω.
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Fig. 1. Grid-connected PV system with a two-stage converter.
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Fig. 2. V-I characteristic curve of the PV array.
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The synchronous reference frame phase-locked-loop (sPLL) of a single-phase system requires the generation of an
imaginary orthogonal signal from the measured grid voltage,
vg of the single-phase VSC. A structure based on a second
order generalised integrator (SOGI) is proposed in [18] to
create an imaginary orthogonal signal from the measured grid
voltage signal. A similar response of the structure proposed in
[18] can be obtained by combining a second order band-pass
filter and a simple integrator that is scaled by the nominal grid
frequency, ω = 100π rad/s. The proposed structure not only
creates an imaginary orthogonal signal without any delays but
also filters out the harmonics in vg . The transfer function of
the standard second order band-pass filter is given in (3) [19].
In (3), ω0 is the centre frequency of the band-pass filter, Q is
the quality factor and H is the desired dc gain for a signal of
the frequency ω0 . The bandwidth, BW , of the second order
band-pass filter is given in (4).

Measure Vpv(t), Ipv(t)

Gbp (s) =

V = Vpv(t)-Vpv(t-1)
I = Ipv(t)-Ipv(t-1)

V > 0

BW =
Yes

No
'I
'V

Yes



I (t )
V (t )

I (t )
'I
!
V (t )
'V

No
Vref(t)=Vref(t-1) + V

Vref(t)=Vref(t-1) - V

Yes

I = 0

No
Yes

No
I > 0

Yes

No
Vref(t)=Vref(t-1) - V

(3)

ω0
Q

(4)

The structure of the single-phase s-PLL is as depicted in
Fig. 4. As indicated in Fig. 4, Vα and Vβ are the filtered
grid voltage signal and the imaginary orthogonal signal respectively, P (s) is a compensator and, ωe and ϑ are the estimated
angular frequency and the phase angle of vg . If ϑ is very close
to the actual phase angle of vg , Vd ≈ Vm (the peak value of
vg ) and Vq ≈ 0.

Vref(t)=Vref(t-1) + V

V
No

H(ω0 /Q)s
s2 + (ω0 /Q)s + ω02

Stop?

vg

Gbp(s)

Z

V

DE



Vd =Vm

VCO
dq Vq

P(s)

s

e

³

-

Yes
End

Fig. 3. Flow chart of the InC algorithm [12].

III. C ONTROL D ESIGN
The control designing for the PV system includes a grid
synchronisation mechanism, a current controller, a dc-link
voltage controller, a power factor controller and a dc-dc boost
converter controller. The design procedures of those control
systems are described in this section.

Vq* 0

Fig. 4. Structure of the single-phase s-PLL.

The main function of the band pass filter is to filter out
the harmonics in vg . Therefore a narrow bandwidth is desired
in the band-pass filter so that the low-order harmonics are
highly attenuated. Hence a higher Q is desired according to
(4). But also a very low bandwidth slows down the dynamic
response of the filter. Therefore a very high value for Q cannot
be chosen. In this work, Q is chosen to be 1.25, so that
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the BW = 40 Hz for a signal of ω0 = 100π rad/s. Since
neither attenuation nor gain is desired for the fundamental
frequency grid voltage signal vg , H = 1. The settling time of
the designed band-pass filter is 30 ms. The control loop of the
single-phase s-PLL consists only a pole at zero that is of the
voltage-controlled-oscillator (VCO). A PI regulator is chosen
as the compensator P (s). The gains of the PI compensator are
tuned as kpp = 115 and kip = 6600. The settling time of the
closed-loop system is approximately 70 ms.

C. Dc-link Voltage Controller
The dc-link voltage of the VSC is regulated at 400 V. The
transfer function of the control plant model of the dc-link
voltage can be derived as (8) assuming power balance at ac
and dc sides of the VSC.
GVdc (s) =

2
Vdc
(s)
2
=−
Pg (s)
Cs

(8)

PPV

B. Current Controller
The stationary frame closed-loop current controller is designed using the proportional resonant (PR) regulator introduced in [20]. The transfer function of the non-ideal PR
controller with fundamental frequency compensator and loworder odd harmonic compensators (HC), is given in (5) [21].
In (5), kpc is the proportional gain, kich is the integral gain
and ωc is the 3 dB cut-off frequency.
X

C(s) = kpc +

h=1,3,5,7

s2

2kich ωc s
+ 2ωc s + (hωo )2

(5)

The control plant model of the stationary frame current
controller can be derived as (6) by simplifying the LCL filter to
an L filter. The simplification is justifiable since the impedance
of Cf at low frequencies is high. In (6) LT = Lfc + Lfg + Lg
and RT = Rfc + Rfg .
C(s) =

Ig (s)
1
=
V (s)
LT s + RT

(6)

The closed-loop current controller is shown in Fig. 5 assuming a unity feedback loop. The dynamics of the VSC are
neglected since the developed model is a continuous timedomain model. In Fig. 5, ec is the difference between the
current reference ig ref that is given by (7) (where Vm and ϑ
are obtained from the single-phase s-PLL and, Pref and Qref
are active and reactive power references respectively) and the
injected current to the grid ig , uc is the output of the PR
regulator C(s) and mc is the modulation index of of the VSC.
vg
ig_ref

ec

C(s)

Limiter

uc

mc

v

ig
Vdc

1
LTs+RT

ig

2
Vdc_ref

ed

D(s)

ud

GVdc(s)

Vdc
2

Vdc
2

Fig. 6. The dc-link voltage control diagram.

The control block diagram of the dc-link voltage controller
is given in Fig 6. In Fig. 6, D(s) is a compensator, ed and
ud are the dc-link voltage error and the compensator output
respectively. In order to improve the dynamic response of the
dc-link voltage controller in the presence of rapid changes of
power at the PV array, the power feed-forward signal Ppv has
been added to the controller [22]. Ppv is calculated from the
measured voltage, Vpv and the current, Ipv that are shown
in Fig 1. The compensator output ud is mostly the amount
of power that is needed to compensate for the losses in the
grid-connected PV system. In Fig 6, Pref is the amount of
active power that should be injected by the VSC to the power
distribution grid to control the average voltage of the dclink at the the reference value, Vdc ref . Hence Pref is the
active power reference of the current controller and the current
control loop becomes an inner control loop of the dc-link
voltage controller. Therefore, for proper tracking of Vdc ref , the
bandwidth of the dc-link voltage controller is chosen as one
tenth of the bandwidth of the closed-loop current controller.
Since the bandwidth of the dc-link voltage controller is much
smaller than that of the current controller, the dynamics of
the current controller can be disregarded while designing the
dc-link voltage controller.
A gain, kpd , is used as the compensator D(s). Assuming a
unity feedback loop, the transfer function of the closed-loop
dc-link voltage controller is given in (9). kpd is calculated
as -0.345 to obtain approximately a 50 Hz bandwidth for the
dc-link voltage controller.

Vdc

Gdc cl (s) =
Fig. 5. Closed-loop current controller of the single-phase VSC system [22].

Limiter
Pref

−2kpd
Cdc s − 2kpd

(9)

The 100 Hz voltage ripple of the dc-link voltage feedback
signal Vdc is filtered out by using a notch filter.
ig

ref

p
2 + Q2
2 Pref
ref
=
cos(ϑ + arctan(Qref /Pref ))
Vm

(7)

In the designed PR regulator C(s), kpc = 4 is calculated
to obtain a 500 Hz bandwidth for the closed-loop current
controller, kic1 = 100 to have zero steady-state error and the
integral gains of the HC are kich = 80 (h = 3, 5, 7). The 3 dB
cut-off frequency, ωc , is selected to be 5 rad/s [21].

D. Dc-dc Boost Converter Controller
The controller of the dc-dc boost converter is shown in
Fig. 7. Vref is the voltage of the MPP calculated by the InC
algorithm after each iteration and is used as the reference for
the PV array side voltage of the dc-dc boost converter. Vref is
compared with the voltage across the PV array, Vpv . The error
signal, eb , is processed by the compensator B(s) to determine
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E. Power Factor Controller
The VSC is allowed to operate in the range from 0.8 leading
to 0.95 lagging power factor (considering the VSC as a load
connected to the grid) according to Australian Std. AS4777.2
[23]. Since the operating range of the grid-connected PV
system can be enhanced by operating the VSC at a lagging
power factor the active and reactive power characteristic curve
shown in Fig. 8 is implemented to operate the VSC at the
maximum allowed lagging power factor. In Fig. 8, Pg is the
active power injected to the grid, Qref is the reference of the
reactive power injected to the grid, Qg , Po = 0.2Sr kW (as
per [23]), Pmax = 5 kW and −Qmax = −1.65 kVAr.

Voltage (V)

(b) DC link voltage (Vdc)

the duty cycle, D of the dc-dc boost converter. The controller
of the dc-dc boost converter adjusts D in such a way that Vpv
is regulated at Vref .
A PI regulator is chosen as B(s). The PI regulator is tuned
as the proportional gain kpb = 0.002 and the integral gain
kib = 100 using a trial and error method.
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Fig. 8. Active and reactive power characteristics of the VSC for power factor
control.
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IV. S IMULATION R ESULTS
The simulation model of the grid-connected single-phase
two-stage PV system was developed in the PSCAD/EMTDC
simulation program. Simulation studies were performed to
evaluate the effectiveness of models and controllers of the
PV system. The surface temperature of the PV array was
considered constant at 30 ◦ C in all simulation scenarios.
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Fig. 11. System response for a ramping solar irradiance variation.
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7
9
Harmonic number

Fig. 9. Harmonic spectrum of the measured grid current.
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The VSC was operated at the rated capacity with and without the low-order HC. The total harmonic distortion (THD)
of the simulated grid voltage was zero. The magnitudes of
low-order current harmonics injected to the power distribution
grid as a percentage of the fundamental current is shown in
Fig. 9. The calculated THD with and without HC was 5.9%
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and 1.5% respectively.
Fig. 10 illustrates the response of the closed-loop current
controller and the dc-link voltage controller for step changes
of solar irradiance (from 1200 to 800 W/m2 at t = 0.5 s)
and reactive power (from 0 to -1.5 kVAr at t = 0.65 s). In the
designed PV system, a new current reference is generated upon
a operating state change. As the closed-loop current controller
closely tracks the generated current reference, the steadystate error is almost zero as shown in Fig. 10(a). Fig. 10(c)
illustrates the capability of the designed current controller to
independently control the injected active and reactive power.
The performance of the MPPT algorithm, controller of the
dc-dc boost converter and the power factor controller of the
VSC are shown in Fig. 11 with the variation of solar irradiance
illustrated in Fig. 11(a). The controller of the dc-dc boost
converter has closely regulated the PV array voltage, Vpv at
Vref by adjusting the duty cycle of the dc-dc boost converter.
The VSC was operated at 0.95 lagging power factor as that
can be seen in Fig. 11(e).
Fig. 12 illustrates the MPP tracking path of the considered
variations in the solar irradiance shown in Fig. 11(a).
20
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Fig. 12. MPP tracking path.

During the ramping time of the solar irradiance, the MPP
has deviated away (B1 and C1 ) from the actual value (B2 and
C2 ). But once the solar irradiance is stabilised, the actual MPP
has been found accurately by the MPPT algorithm.
V. C ONCLUSIONS
A component level model of a grid-connected single-phase
two-stage photovoltaic (PV) system with associated controllers
is presented in the paper. The effectiveness of the developed
model, with theoretically established component values and
designed controllers, is evaluated with simulation studies. The
robustness and the accuracy of the designed grid synchronisation mechanism, the stationary frame current controller and
the dc-link voltage controller are verified with time-domain
simulation studies that are illustrated with rapid changes in
solar irradiance and reactive power reference. The harmonic
current that is injected by the voltage source converter (VSC)
of the PV system is minimised by the harmonic compensators
that are implemented in the current controller. The controller
of the PV system is capable of independently controlling the

active power and the reactive power injected to the grid. The
active power injection to the grid is enhanced by adding a maximum power point tracking (MPPT) algorithm. The maximum
power point (MPP) tracking accuracy of the MPPT algorithm
and the performance of the designed controller for the dc-dc
boost converter have demonstrated under rapid variations of
the solar irradiance. The reactive power injected by the VSC
is controlled by operating the VSC at the maximum lagging
power factor that is specified in the Australian Std. AS4777.2.
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